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a b s t r a c t

In order to study the effect of He content on microstructure, mechanical properties and He thermal
desorption behavior of W film, He-charged W films on Si substrates were fabricated by a radio frequency
(RF) magnetron sputtering device in different He/Ar mixture gases. The deposited W films had a typical
columnar structure, and the grain size of W films decreased as He/Ar ratio increased by means of the
observation of scanning electron microscopy (SEM). X-ray diffraction (XRD) analysis confirmed that W
films had a typical bcc structure, and the introduced He atoms can refine grain size and increase the
lattice strain. TEM analysis showed that large numbers of He bubbles can be formed in W films, as well as
the size and density of these He bubbles increased with the increase of the He/Ar ratio. The shape of He
bubbles trapped by different sites also had some differences. Thermal desorption spectra (TDS) revealed
that He content increased with He/Ar ratio increasing and different types of He atoms could be intro-
duced into W films. The hardness value measured by nanoindentation tests increased with He/Ar ratio
increasing, which demonstrated that nano-sized He bubbles could strengthen W films.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Tungsten (W) has a high melting point, low sputtering yield,
goodmechanical properties, and low tritium retention so that it has
been considered as one of the most important structural materials
of the plasma-facing component (PFC) in the divertor and baffle
regions of ITER and DEMO [1e5]. Plasma facing materials (PFMs)
not only are exposed to steady-state and transient heat load up to
~20 MW/m2 but also suffer the radiation of 14 MeV neutrons from
the reaction DþT/ n (14.06 MeV)þa (3.52 MeV) [6,7]. The a par-
ticles, i.e., He atoms, can be easily accumulated in PFMs, e.g., W.
These accumulated He atoms are prone to be trapped by various
defects because of their insolubility and high mobility in metals,
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leading to the formation of He-vacancy aggregations [8] and He
bubbles [9]. With the increase of accumulation amount, He atoms
trapped by defects have a strong tendency to precipitate into larger
bubbles [5], which will consequently cause performance deterio-
ration of structural materials, such as swelling, surface blistering,
crack, and flaking [10e12]. Accordingly, the influence of He on
fusion materials is a critical issue.

On the other hand, nanocrystalline structural materials have the
unique properties of irradiation resistance, with the high density of
dislocation and the large volume fraction of grain boundaries which
can act as an important sink for radiation-induced point defects
[13e16]. Generally, W nanocrystalline films produced by magne-
tron sputtering have a columnar grain structure. Qin et al. [17] re-
ported that the W columnar grain deposited by magnetron
sputtering can provide the nanochannel structure to increase the
releasing of He atoms and thus to minimize the He nucleation. The
results demonstrate that W film with a columnar grain structure
have better radiation resistance. Therefore, a detailed investigation

mailto:fanqunbo@bit.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2020.152151&domain=pdf
www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat
https://doi.org/10.1016/j.jnucmat.2020.152151
https://doi.org/10.1016/j.jnucmat.2020.152151


L. Wang et al. / Journal of Nuclear Materials 534 (2020) 1521512
about He effects on properties of nanocrystalline W films is very
necessary.

To date, there are a few methods which can introduce He atoms
into investigated samples. For example, neutron irradiation was
performed on W bulk materials by Takashi Tanno et al. [18] and
Akira Hasegawa et al. [19]. Some researchers also adopted the
method of radioactive decay of tritium in metal tritides to study He
behavior of metal tritides [20,21]. In addition, He ion implantation
as an important way was developed to investigate He effects on the
W materials [22e26]. However, it should be noted that neutron
irradiation can cause a large amount of neutron-induced damages,
and He produced may be immediately captured by the concurrent
damage, which appends the complexity of the He behavior inves-
tigation. Also, the radioactive decay of tritium needs a long time
and dangerous operating condition with tritium, for tritium is
radioactive with a half-life of 12.3 years. Moreover, for He ion im-
plantation, low energy (from several tens to several hundreds of
eV) He implantation can only introduce these helium atoms at
rather shallow depth below the surface. For He implantation with
high energy, it is very hard to obtain uniform distribution in the
depth direction. At the same time, it will also produce displacement
damages and influence He diffusion, He agglomeration and bubble
nucleation, as well as He distribution in metals is not uniform.
Therefore, the above two methods of introducing He atoms into
materials aren’t the most suitable way to study He effect on W
material.

Recently, magnetron sputtering as a new method which can
introduce He atoms into the growing films has been developed.
D.M. Mattox et al. [27] were first to use this method of magnetron
sputtering to prepare He-charged gold films in pure He gas. How-
ever, for He gas, it is difficult to obtain stable glow. Thus, some
scientists have prepared a variety of He-charged metal films by
magnetron sputtering in a He/Ar mixed atmosphere. For example,
Ti films with high He concentration by Zheng et al. [28] and Shi
et al. [29], He-charged Al films by Jia et al. [30] and He-charged
FeCrNi-based films by Song et al. [31]. During the sputtering pro-
cess, the sputtering yield of He atom to metal was much smaller
than that of Ar atom, but the backscattering probability of He atom
to the heavy nuclei was greatly larger than that of Ar atom [32].
Therefore, during the He-charged film deposition, the main effect
of Ar atoms is to increase the deposition speed and the introduced
Ar concentration is almost negligible.

Compared to other approaches to introduce He into materials,
magnetron sputtering proposed by us is an effective, safe and
economical technique. The concentration of helium could be
regulated and controlled by adjusting He/Ar ratio. It also makes the
introduction of different He contents easier than other methods.
Meanwhile, for He-charged tungsten films prepared by magnetron
sputtering, no irradiation damage was introduced into the metal
matrix, which can avoid the influences of irradiation-induced
artificial defects when behavior and evolution of helium in tung-
sten film are studied.

In our previous experiment, we had fabricated He-charged W
films by means of RF magnetron sputtering in a mixed gas of He/
Ar ¼ 1 to study the evolution of He bubbles and He desorption
behavior in W films during annealing [33]. However, the effect of
He content on He-charged tungsten filmwasn’t investigated before.
In addition, in nuclear materials research, He content is one of the
most important factors influencing the mechanical properties of
nuclear materials and He behavior. Therefore, in the present study,
in order to study the effects of He concentration on the micro-
structure and thermal desorption behavior of W films, we prepared
W film with different He concentrations by RF magnetron sput-
tering in mixed gases with various He/Ar ratios (He/Ar ¼ 0, 1, 2 and
3, respectively). The results presented in this work can contribute to
better understanding He effects on microstructure and nano-
hardness of W films, He desorption behavior and the distribution
of He bubbles in W film.

2. Experimental details

In the present work, W films with different helium concentra-
tions were prepared by RF magnetron sputtering in the mixed at-
mospheres with different He/Ar ratios. W disk (purity 99.95% and
60 mm in diameter) was employed as the target. The distance be-
tween the target and the substrate was 5 cm. The substrates on
which the films were deposited are p-type Si single crystals with a
(111) preferred orientation. Before the experiment, the Si discs
were boiled in a solution (HCl: H2O2: H2O ¼ 1:1:6) at 70e90 �C for
15min and further ultrasonically rinsed in a mixed solution of
ethanol and acetone for 10min, blow-dried. At last, the Si discs were
cleaned by deionized water for several minutes and blow-dried.
During the experiment, the substrates were not heated, but the
actual temperature (about 70 �C) was higher than room tempera-
ture (RT) as the collision of the W atoms and the substrates each
other. Prior to depositing He-charged W films, the base pressure
was evacuated to a pressure value of below 8.0� 10�4 Pa by a turbo
molecular pump. The working gases were a mixture of 99.99%
purity Ar and 99.99% purity He. The Ar particle pressure was
confined at about 0.6 Pa, and the sputtering power was controlled
at 80W.W films with different He concentrations were obtained by
adjusting He/Ar ratio at 0, 1:1, 2:1, 3:1. In this experiment, the flux
of Ar was 10.0 sccm and the flux of He was varied to get samples
containing different He concentrations.

The surface and cross-sectional morphology of the prepared
films were analyzed by field emission scanning electron micro-
scopy (FESEM, Oxford INCA). The accelerating voltages for SEM are
5 keV.

The evolution of the crystal structure W films deposited on the
Si substrate with different amounts of He was characterized by an
X-ray diffractometer (XRD, A Philips X’Pert PRO). This diffractom-
eter equippedwith a Cu Ka radiation (wavelength: 0.15418 nm)was
used in a 2q mode, 2q varying from 30� to 90� with 0.06�/step.

The size and distribution of He bubbles in W films can be
observed by TEM. Conventional bright-field and high-resolution
image observations were performed in a CM 2000 TEM with field
emission gun. Cross-sectional TEM samples were prepared by a
special method combining the methods of mechanical thinning
with Ar ion milling. Each TEM sample was a lamella (3 mm in
diameter), which consisted of two identical sample slices glued face
to face (3 mm � 2 mm) and a Mo support ring. The thickness of the
TEM observation area was about 50 nm. To confirm the existence of
He bubbles precisely, the observation of He bubbles was conducted
at an under-focus condition (~800 nm) so that these bubbles
appeared as white disks surrounded by dark fringes. The average
size of He bubbles can be obtained by calculating the diameter of
more than 300 He bubbles.

Thermal desorption spectra (TDS) of He-charged W films were
obtained in a thermal desorption spectrometer with a vacuum of
about 2 � 10�10 Torr. The films deposited on Si substrates are
heated in a quartz tube by a program-controlled high-temperature
furnace in the air. A linear temperature ramp of 1 �C/s is adopted
from room temperature up to 1000 �C. He release rate changing
over time was recorded by a quadrupole mass spectrometer (QMS).
Through measuring the variation of He atom releasing rate with
temperature, the kinetics of helium desorption from He-chargedW
films can be confirmed.

Nanohardness of W films with various He concentration was
characterized by a nanoindenter (Nanoindenter G200, Agilent
Technologies) with a diamond Berkovich (three-sided pyramidal)
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tip and an optical microscope. During the experiments, the
displacement resolution of 0.02 nm and load resolution of 50 nN
were conducted, respectively. The hardness (H)edepth (h) profile
was obtained in a continuous stiffness measurement (CSM) model.
The maximum indentation depth was about 1 mm, which was less
than the thickness of the prepared W films. Ten indents were
conducted on each sample, and the average hardness was deter-
mined through averaging the ten indention values.
3. Results and discussion

3.1. The morphology and crystal structure of He-charged W films

Fig. 1 shows the effect of He atoms on the surface morphology of
W films. As shown in Fig. 1, the structure of both pure W films and
He-charged W films are very compacted. For W film deposited by
magnetron sputtering, there may be some nano-scale grains in
films, which can be hardly detected by SEM. Moreover, not all grain
boundaries in the deposited film can be easily shown in SEM im-
ages, which may cause some the measurement errors. Therefore,
the SEM images can’t assess accurately the average grain size.
Nevertheless, the SEM images of surface morphology still can
indicate roughly that the grain size becomes smaller with
increasing He/Ar ratio. The trend of the change of grain size ob-
tained from the surface SEM images corresponds to the following
result of grain size calculated by the XRD peak profile analysis.

To observe the cross-section morphology of W films on the Si
substrate, the cross-section morphology SEM images are shown in
Fig. 2. It can be easily seen that all W films prepared at different He/
Ar ratios have the typical and dense columnar crystalline structure
and the thickness of the films is about 5 mm. The grain size is so fine
that we can hardly confirm the actual grain size by means of SEM
images.

To obtain the grain size and crystalline structure of W films, X-
ray diffraction (XRD) technique was used. Fig. 3 shows the XRD
spectra of theW films on the Si substrates prepared under different
He/Ar ratios. The four diffraction peaks in the XRD patterns corre-
sponded to the crystalline faces of (110), (200), (211) and (220). As
Fig. 1. The surface SEM images of W films deposited on the Si substra
shown in Fig. 3, the peak width became broader gradually with
increasing of He/Ar ratios. A similar phenomenon was also
observed in He-charged Al films [31]. For the reason of the increase
of the peak width, it may be caused by the introduced He atoms
during the deposition process. These He atoms not only refine the
grain size but also increase the strain. X-ray diffraction peak profile
analysis can be used to determine the mean grain size and strain.
Based on the above analysis, the line broadening of XRD arises
mainly due to three factors: the instrumental influence, the strain
broadening and the effects based on size effect. Therefore, before
estimating the grain size and strain, it is necessary to correct the
instrumental effect. The instrumental corrected broadening bhkl
corresponding to the diffraction peak of Wwas estimated using the
relation [34]:

bhkl ¼
h
ðbhklÞ2measured � b2instrumental

i1
2 (1)

Assuming that the W films grain size and strain contributions to
line broadening are independent to each other and both have a
Cauchy-like profile, Williamson and Hall developed a method
known as the Williamson-Hall plot (WHP) [35]:

bhklcosq¼
�
kl
D

�
þ 4sinqε (2)

where D is grain size, q is Bragg reflection angle, K is constant also
known as crystallite shape factor taken as 0.94, l is the wavelength
of the incident beam: 0.15418 nm, bhkl is the instrumental corrected
broadening, ε is lattice strain.

According to the Williamson-Hall plot, bhklcosq is plotted with
respect to 4sinq for the corresponding peak of W films. Strain and
grain size can be calculated from the slope and y-intercept of the
fitted line respectively. By the Williamson-Hall plot, the calculated
grain size and lattice strain of W films containing different helium
concentrations have been shown in the following Fig. 4.

From the result of Fig. 4, it is clear that crystallite size decreases
and strain increased with the increase of He/Ar ratio. When He/
Ar ¼ 0, the grain size of pure W films is 113 nm. When He/Ar ¼ 1,
te at RT under the different He/Ar ratios: (a) 0; (b) 1; (c) 2; (d) 3.



Fig. 2. Cross-sectional morphology of W films prepared under different He/Ar ratios: (a) He/Ar ¼ 0; (b) He/Ar ¼ 1; (c) He/Ar ¼ 2; (d) He/Ar ¼ 3.

Fig. 3. XRD patterns of W films fabricated under different He/Ar ratios at RT on Si
substrates.

Fig. 4. The crystallite size and strain of W films prepared under different He/Ar ratios
at RT on Si substrates.

Fig. 5. Thermal desorption spectra of He in W films fabricated on Si substrates at room
temperature (RT) under three He/Ar ratios of 1:1, 2:1 and 3:1.
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the grain size is 27.8 nm. This demonstrates that the introduction of
He atoms can refine distinctly grain size from He/Ar ¼ 0 to He/
Ar ¼ 1. However, the gain size is almost constant when He/Ar ratio
was from 2 to 3. It indicates that refinement of grain size reached a
saturation level at the higher He/Ar ratio, and further refinement
became quite difficult. The strain always increased with He/Ar ratio
increased, which was mainly the result of self-interstitial formation
associated with bubbles formation resulting in strain fields.
3.2. TDS analysis

It is well known that we can obtain the existing form of He
atoms from different trapping sites in materials by mean of the TDS
spectra. The higher desorption peak temperatures in TDS spectra
correspond to the stronger binding energy between He atoms and
defects, which also means that the release of He atoms from the
corresponding site for trapping will become more difficult. Fig. 5
shows the TDS spectra of He in W films fabricated on Si sub-
strates in mixed gases with different He/Ar ratios (1:1, 2:1, 3:1) at
RT. Each profile consists of some broad and overlapping peaks,
which is the superposition of release of He atoms located in
different trapping sites. From the TDS spectra, it is clear to see that,



Table 1
He desorption peak temperature of He-charged W films prepared by magnetron
sputtering under different He/Ar ratios.

He/Ar ratio Peak temperature (�C)

1 300 580 750 925
2 250 550 710 950
3 280 525 740 925
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the total release of He from He-charged W films increases from He/
Ar¼ 1 to He/Ar¼ 3, which implies that higher He/Ar ratio can result
in increased He atoms trapped into W films. For the three
desorption profiles in Fig. 5, these peaks all located around similar
temperature regions that include about 300 �C, 550 �C, 750 �C, and
925 �C. Meanwhile, we can find that a large amount of He atoms
would be released at more than 1000 �C, but the peak can’t abso-
lutely appear because of the limit of the instrument. The actual
desorption peak temperature of W films is shown in the following
Table 1.

As Fig. 5 and Table 1 shown, the corresponding peak tempera-
ture in the three TDS profiles is not exactly the same. However, the
effect of He/Ar ratio on desorption peak temperature has no
obvious regularity. Nevertheless, the above results also suggest that
the existing form of He atoms introduced into W films prepared by
magnetron sputtering in mixed gases with different He/Ar ratios
has some slight differences. This can be explained that the number
of He atoms trapped by the identical defect may be different under
various He/Ar ratios, because the difference of the number of He
atoms can change the desorption energy of He. The detailed anal-
ysis is discussed in the follows.

To date, many researchers had investigated the TDS spectra of
He in W samples. Especially in our previous work, we had exam-
ined He desorption behaviors of He-charged W film annealed at
different temperatures and found that He desorption behaviors of
as-deposited He-charged W film prepared by magnetron sputter-
ing was similar to that in W bulk irradiated by low energy He ions
[33]. It was reported that there were also four desorption peaks
located at about 300 �C, 625 �C, 700 �C and 850 �C for as-deposited
He-charged W films. This phenomenon was approximately in
agreement with the result in Table 1. Based on the conclusion of
reference [33], we can obtain the desorption mechanism of He
atoms trapped by various sites. For these peaks around 300 �C, they
may be the results of the release of He clusters at interstitial sites,
since He atoms were trapped weakly by interstitial sites. A similar
phenomenon was also observed in the case of nanochannel W film
irradiated by 40 keV Heþ ion with a fluence of 3 � 1017 ions cm�2

[36]. And He releasing peaks at about 550 �C, 750 �C, and 925 �C
should be caused by He-vacancy(V) complexes (including Hen-V
and HenVm). In terms of Hen-V and HenVm, the binding energy of He
atoms to He-vacancy complexes decreases with the increase of n
and increases with the increase of m. In other words, the binding
energy of He atoms to He-vacancy complexes decreases with the
increase of He/V ratio [37]. Therefore, for the peaks at about 550 �C,
it was attributed to the release of He atoms from He-vacancy
complexes with higher He/V ratio, and for the peaks at 750 �C
and 925 �C, it may be attributed to the release of He atoms fromHe-
vacancy complexes with lower He/V ratio. For peaks located at
more than 1000 �C, these He atoms dissociated from He bubbles
may need higher energies and they should be attributed to the
release of He atoms originating from He bubbles. Ultimately, the
type of He atoms can be confirmed by the desorption activation
energy corresponding to the desorption peak. The above results
demonstrate that the RF magnetron sputtering can introduce
different types of He atoms into the growing W films, and most of
the introduced He atoms exist as He bubbles in deposited films.
3.3. TEM analysis

To observe the distribution and the size of He bubbles in W
films, TEM observations of W films prepared in a mixture of gases
with different He/Ar ratios were conducted. Fig. 6(aec) shows the
distribution of He bubbles in W films fabricated at different He/Ar
ratios, and the mean diameter of these bubbles was estimated to be
about 1.0 nm. As Fig. 6(a) shown, a large number of He bubbles
distributed in the grain interiors and around the grain boundaries
(GBs) ofW films. In particular, the size of He bubbles trapped by GBs
was bigger than that located in grain interiors. Moreover, these He
bubbles around GBs were accumulated and connected to each
other to form a necklace-like line as shown in Fig. 6(a). The above
results indicate that the nucleation and growth of He bubbles are
preferential on the GBs for rapid diffusion than that in the grain
interiors, which had been found by J.H. Evans et al. and O. El-Atwani
et al. [38,39]. This is because a large number of vacancies exist on
the GBs so that more He atoms can be trapped by vacancies to form
bubbles at GBs. Meanwhile, it was easily found that the shape of He
bubbles in grain interiors was spherical and the shape of He bub-
bles trapped by the GBs was ellipsoidal. For this difference of He
bubble shape, a similar phenomenon had been studied by A. Ofan
et al. [40]. In their work, they believed that the shape of He bubbles
is closely related to the surface free energy and the elastic free
energy. As a result, in our experiments, when the surface energy
was dominated, the spherical He bubbles in grain interiors were
formed.When the elastic energy played amajor role in this process,
elongated He bubbles along the grain boundary were formed. For
W films prepared at He/Ar ¼ 2 and He/Ar ¼ 3, He bubble size be-
comes a little larger than before, but the mean diameter of these
bubbles was estimated to be still less than 2 nm, as shown in
Fig. 6(b) and (c). At the same time, the concentration of He bubbles
increased with the increase of He/Ar ratio. This is because with the
increase of He/Ar ratio, more He atoms can be trapped intoW films,
which can contribute to forming more and bigger He bubbles. The
result is also identical to the TDS profile shown in Fig. 5.

3.4. Hardness measurement

To investigate the effect of He/Ar ratio on the mechanical
properties of W films, the hardness of W films was measured by
nano-indentation. Fig. 7(a) shows that 4 indentation-depth curves
of W films at RT and He/Ar ¼ 0, 1, 2, 3. Considering that the thick-
ness of tungsten films was about 5 mm (as shown in Fig. 4), to avoid
the effect of surface roughness and substrate of thin film, the cur-
rent nano-hardness values were determined by taking the average
value at the indentation depth within the range of 10%e15% of the
film thickness [41]. Therefore, nano-hardness of W films could be
determined by averaging the values acquired from the stable region
(400 nme600nm) of the indentation profiles, as Fig. 7(a) shown.

The average nanoindentation hardness of W films fabricated at
RT with different He/Ar ratios is shown in Fig. 7(b). As Fig. 7(b)
shown, the hardness of W films at He/Ar ¼ 0 is the smallest, as well
as the hardness value increases significantly when He/Ar ratio is
from 0 to 3. The increase of hardness value of W films may be
positively related to the grain size and nano-sized He bubbles.
However, combinedwith the results of Figs. 2 and 7(b), it was found
that the hardness value of W films prepared at He/Ar ¼ 3 was still
much greater than that of W films prepared at He/Ar ¼ 2 when the
grain size hardly increased. The results indicate that the enhance-
ment of the hardness ofW films is mainly controlled by the effect of
He bubbles. In terms of the hardening behaviors of He-charged W
films, someWmaterials irradiated by He ions had also some similar
phenomena [42e44]. These introduced nano-sized He bubbles (like
dispersed particles) distributed in grain interiors and along the



Fig. 6. TEM images of W films fabricated at different He/Ar ratios: (a) He/Ar ¼ 1; (b) He/Ar ¼ 2; (c) He/Ar ¼ 3.

Fig. 7. The nano-hardness of W films with different He content: (a) Representative indentation-depth profiles of W films fabricated on Si substrates at RT under four He/Ar ratios of
0, 1:1, 2:1 and 3:1; (b) Average nanoindentation hardness value of W films in Fig. 7(a).

Fig. 8. The schematic diagram of the strengthening mechanism of He-charged W films: (a) Surface; (b) Cross-section.
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grain boundaries, which may play the role of dispersion strength-
ening. The schematic diagram of the strengthening mechanism is
shown in Fig. 8. It should be noted that the shape of He bubbles
shown in Fig. 8 were assumed to be spherical to simplify the
analysis, which couldn’t reflect the actual shape of He bubbles. As
Fig. 8 depicted, these nano-sized He bubbles can act as the barriers
to dislocations motion, which results in the higher hardness of W
films.

Generally, for He-charged materials, the change of hardness was
associated with the number density and size of He bubbles [42,45].
In order to further analyze the relationship between the enhance-
ment of hardness (DH) and He bubble, the Friedle-Kroupa-Hirsch
(FKH) relation can be described as [46,47]:

Ds ¼ 1
8
MGbdN

2
3 (3)

where Ds is the strength change induced by bubbles, M is Taylor
factor (3.06 for equiaxed BCCmetals); G is the shearmodulus (GPa);
b is the Burgers vector (nm) of the dislocation; d is the bubble
diameter (nm) and N is the bubble density (m�3).

The increase in Ds from the FKH model corresponds to the in-
crease of DH. Thus, for a given material containing He bubbles, the
larger bubble size and/or bubble density, the higher the enhance-
ment of hardness (DH). Therefore, compared with He-free W films,



L. Wang et al. / Journal of Nuclear Materials 534 (2020) 152151 7
the increment of the hardness of He-charged W film is due to the
formation of He bubbles. For He-charged W films with different He
content, the hardness value increased with He/Ar ratio increasing,
which should be owing to the increase of He bubble size and
density. Generally, the increment of hardness is actually no good to
the characteristics of tungsten as a PFM. Because this can lead to an
increase in the ductile-to-brittle transition temperature (DBTT),
which is one of main causes of material failure under irradiation
environment [48]. Thus, the inhibition of helium bubble nucleation
and growth would be necessary. It can be tolerated by adding some
dispersed nanoparticles and refining the grains of materials in
nanometer size [49]. Relevant research will be carried out in sub-
sequent experiments.

4. Conclusions

He-chargedW films were prepared in amixed atmosphere of He
and Ar by RF magnetron sputtering. He concentration of W films
can be controlled by adjusting He/Ar ration in a mixed atmosphere.
XRD analysis and SEM images not only confirmed that the crys-
talline structure of deposited W films was in good accordance with
that of the pure W target but also demonstrated that the deposited
W films exhibited a typical columnar structure. TEM images
showed that a large number of nano-sized He bubbles distributed
in grain interiors and around the grain boundaries of W films, and
the size of He bubbles in He-charged W films was about 1e2 nm.
TDS analysis demonstrated that different kinds of He atoms can be
introduced into W films, which include interstitial He atoms, He-
vacancy complexes and He bubbles, etc. Nanoindentation mea-
surements revealed that the hardness ofW films increased with the
He/Ar ratio increasing, which suggested that nano-sized He bub-
bles can strengthen W films.
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